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Understanding of the fatigue crack nucleation in metallic sealing rings by
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Abstract

Fatigue cracking in metallic sealing rings has been a concern for the aerospace industry because the
formation of even a micro-crack may cause an aviation accident. In this study, an integrated three-
point bending fatigue experiment and dislocation-based crystal plasticity finite element modeling was
used to determine the threshold for fatigue crack nucleation. Subsequently, the fatigue lives of the
rings under different service conditions were evaluated based on the local stored energy density
evolution. The conclusions of this work can provide theoretical guidance for the manufacturing of
high-performance metallic sealing rings.
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1. Introduction

Metallic sealing rings made from nickel-based superalloys are critical components of aerospace
engines that prevent the leakage of high-pressure liquid or gas fuel. It is required that there is no loss
of sealing when the rings are subjected to the relative vibratory motion of adjacent pipes during the
operation of engines. Otherwise, even a small amount of leakage could cause damage to the engine
and provoke serious aviation accidents. The service life of such key components is highly related to
the microstructure and operational environment [1–3]. The leakage of metallic rings mainly arises
from two different reasons, compression-resilience reduction due to plastic deformations and
microcrack formations under fatigue loadings. The former mainly results from the plastic strain
accumulation during the service, the mechanism of which is relatively simple and capable of
predicting. While for the latter, the life to crack in superalloys is difficult to quantify, and there is no
apparent early sign of crack nucleations. Therefore, much effort has been directed toward the
prediction and targeted prevention of microcrack formations during the service.

However, accurately capturing the deformation behavior of metallic sealing rings is challenging due
to the complexity from both geometrical and mechanism aspects. On the one hand, the dimensions of
the cross-sectional characteristics and the diameters of the rings are different by orders of magnitude.
Taking W-shaped rings as an example, as shown in Fig. 1, the W-shaped section profile is formed
within 6mm and the wall thickness is extremely thin (0.2~0.4mm), but the diameter of the ring can
reach ~300mm [4]. The multi-pass rolling forming method, as in Fig. 1(b), for example, is generally
applied to form such components [5]. The plastic responses of such components should be
comprehensively considered over a wide range of lengths. On the other hand, the microcrack
nucleation in nickel-based superalloys is affected by the microstructure and the deformation history
from manufacturing to service. The service life optimization relies on the accurate prediction of
microcrack nucleations, which depends on the microstructural features and stress histories in local
regions [6–10].

Metallic sealing rings are generally manufactured by hydroforming and multi-pass rolling forming
using thin-walled circular blanks. In 1965, Taylor [11] invented the forming method of an E-shaped
sealing ring with long fatigue life. The forming of thin-walled components using high-strength alloys
has been widely investigated to control ductile fracture and improve formability [12–17]. The cross-
section profile of the rings has been developed into more complex geometries, including W-shaped
[18], Ω-shaped [19], C-shaped [20], O-shaped [21,22], and wave-shaped [23], etc., in recent years to
improve the sealing performance and service stability. Shao et al. [19] have developed an external-
internal composite spinning process to form thin-walled Ω-shaped superalloy rings. They found that
the forming defects such as wrinkling can be significantly reduced by using this trajectory compared
with the conventional circular-straight roller one. Although advanced forming methods have been
introduced recently, the work is more focused on overcoming the forming defects and improving the
forming quality with respect to the geometrical requirements rather than their service performances.

As for the service stage, Wang et al. [24] introduced an analytical model to assess the reliability of the
sealing performance of C-shaped rings in operational conditions. Hu et al. [25] proposed a two-
dimensional axisymmetric model to analyze the failure of a V-shaped sealing ring and have found that
the local stress concentration and the life of the sealing ring are greatly influenced by the magnitude
of the sealing interference. Ding and Chen [26] utilized the finite element method to calculate the
stress distribution of a three corrugated sealing ring and analyzed the effect of different corrugated
radii on the mechanical properties of the rings in order to propose a preliminary design criterion. The
work by Jia et al. [20] suggested that the finite element model can capture the compression-resilience
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and linear load of C-shaped sealing rings with different diameters. Their results also indicated that
internal pressure has an influence on the mechanical responses of the rings. Zhang and Hu [27]
investigated the mechanical behavior and the sealing performance of O-shaped rings using the finite
element method. The mechanical responses were found to be dependent on the compression ratio and
the pressure of the sealing medium. Shen and co-authors [21] conducted a systematical investigation
on the deformation characteristics and sealing performance of O-shaped rings using a nonlinear
elastic-plastic finite element model. The investigations mentioned above focus on the responses of
metallic rings during operations that were isolated from the manufacturing. Most of the analyses are
based on the assumptions that the initial state of the rings before service is stress- and strain-free.
Some models were also calibrated using raw materials which were assumed to have similar properties
as the formed component. However, the metallic rings that will go into service have already
experienced non-uniform and severe plastic deformation during the forming stage. Plastic
inhomogeneity has been established at the microstructural level. As a result, there are residual stresses
and strain distributed inhomogeneously within the rings before service. That initial state depends on
the forming procedure and can significantly influence the lifetime of service. Thus, it is important to
also consider the deformation history in order to assess the reliability of metallic rings accurately.
Additionally, since there is no threshold being quantified for the microcrack formation in superalloys,
the service life assessment of metallic rings is limited at the empirical level.

Therefore, in the present study, we take W-shaped metallic rings made from GH4169 nickel-based
superalloys as the research object and consider the worst scenario where the rings were directly put
into service after rolled forming without the annealing heat treatment. Although a specific problem is

Fig. 1. The geometry of W-shaped metallic sealing rings [5]. (a) Dimensions of the cross-section
and the ring; (b) schematic illustration of the multi-pass rolling forming track.
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discussed here, the investigation strategy can be generalized to predict the lifetime of other metallic
sealing rings. The objective of the work consists of the following two aspects:

 Quantify the threshold for microcrack nucleation in the GH4169 superalloy.

 Evaluate the fatigue performance of metallic rings under different operational environments by
considering the deformation history from manufacturing to service.

In order to achieve that goal, a systematic study integrating multiscale experiments and multiscale
modeling techniques was established. The combination of quasi-in-situ three-point bending fatigue
experiment, corresponding macroscopic finite element (FE) modeling and crystal plasticity finite
element (CPFE) modeling was used to determine the threshold for microcrack nucleation of the
material. The CPFE model is dislocation-based and rate-dependent, while the morphology replicates
the real microstructure, so the length effect, rate sensitivity and microstructural features can be
captured. The deformation histories from multi-pass rolling forming to different fatigue conditions
were considered in FE modeling, from which the variation of local stress was extracted and applied as
boundary conditions in the CPFE model to evaluate the service lifetime.

The paper is organized as follows: Section 2 outlines the experimental and computational
methodology, including microstructure characterization, macroscopic strain rate sensitivity
measurement, quasi-in-situ three-point bending, finite element, and crystal plasticity finite element
modeling. Section 3 presents the determination of the critical stored energy for microcrack nucleation
under cyclic loading in GH4169 superalloys. The determined threshold will be applied to the
subsequent life assessment of metallic rings. In Section 4, the influences of three key service
parameters, namely the preload 𝑢, the pressure of the sealed medium 𝑝, and the fatigue frequency 𝑓,
on the service life of W-shaped sealing rings are comparatively studied by considering the
deformation history from manufacturing to service. Finally, conclusions drawn from this study are
presented in Section 5.

2. Methodology

2.1 Experimental Methodology

The material used in this study was produced by Gaona Aero Material Co., Ltd. via a cold rolling
route. The thickness of the sheet for mechanical testing is 3mm. This sheet was produced by the same
company as the raw material to form the W-shaped metallic sealing rings, and they both have the
same chemical contents (as given in Table 1) and microstructural features, including grain
morphology and texture. Macroscopic tensile test samples and quasi-in-situ three-point bending
samples were fabricated as schematically illustrated in Fig. 2. The gauge length of the tensile samples

is 30mm and the dimensions for the three-point bending sample are 20mm×6mm×3mm.

Table 1. Chemical compositions of GH4169 alloy (wt %)

C Si Mn S P Cr Ni Cu Al Ti Nb Co Mo Fe

0.042 0.11 0.15 0.003 0.006 18.31 52.52 0.04 0.48 0.96 5.10 0.10 3.02 Bal.



Page 5 of 28

 Microstructure characterization

Electron backscattered diffraction (EBSD) was conducted on the surface perpendicular to the normal
direction (ND) within the gauge section of the tensile sample before deformation to characterize the
initial microstructure of the material. The surface of the sample was polished using a series of grit
silicon carbide papers followed by colloidal silica suspension treatment to remove the residual stresses
that may have been introduced during the preparation. EBSD scanning was conducted on a field
emission scanning electron microscope (SEM) from TESCAN equipped with a C-NANO EBSD
detector from Oxford Instruments, using a step size of 0.3μm.

The three-point bending sample was prepared following the procedure and EBSD characterization
was conducted at the bottom region of the surface perpendicular to the transerve direction (TD). A

wide area of 1000μm× 300μm was scanned prior to deformation as the crack initiation site was

unknown. SEM images of the same region were acquired during the interrupted three-point bending
fatigue test until microcrack nucleation was observed. EBSD scanning around the crack was then
conducted without further treatment on the surface to avoid the artificial effect. The location of the
crack nucleation site thus can be identified together with the grain morphology and crystallographic
orientations around.

 Strain rate sensitivity and three-point bending tests

The macroscopic mechanical properties of the material were measured by uniaxial tensile tests along

RD under constant strain rates until failure. Three different strain rates range from 1 × 10−5s−1 to
1 × 10−3s−1 were considered. The strain during deformation was measured and recorded using a
non-contact laser extensometer mounted on an Instron-8801 fatigue testing machine. From which the
elastic modulus, yield strength and strain rate sensitivity (SRS) coefficient can be determined and the
stress-strain curves can be used to calibrate the multiscale models.

Interrupted three-point bending fatigue testing was carried out on the pre-characterized rectangular
sample. Cyclic loading with a maximum force 𝐹𝑎𝑝𝑝 = 2700𝑁, a force ratio of 𝑅 = 0 and a frequency

of 0.5Hz was applied to the punch. The residual displacement of the punch at the end of each loading
cycle was recorded. Three repeated tests were preliminarily established until a visible crack appeared
in the sample to estimate the life to microcrack nucleation. The number of cycles for visible crack was
measured as ~9000. Another prepared sample was then interrupted loaded with SEM scanning every

quasi-in-situ three point bending

tensile test

EBSD

RD

loading direction

Fig. 2. Schematic diagram of the sample fabrication.
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1000 cycles for the first 7000 cycles, followed by every 500 cycles for the subsequent cycles. The
accuracy of the life to crack nucleation can be limited to under 500 fatigue cycles.

2.2 Computational Methodology

 Finite element modeling

Two FE models were established in this study. The first one simulates the three-point fatigue
experiment, as shown in Fig. 3(a). The geometries and relative locations of the sample, supporting
rods and punch are identical to the experiment. The punch and supporting rods are designed as rigid
bodies while the sample is deformable with the material properties implemented from the
macroscopic tensile tests. The sample was meshed using C3D8R elements. Three elastic regions were
defined near the contacting point between the sample and the punch and rods to avoid the burst of
plastic deformation due to the singularity at the contact. The central region where large plastic
deformation is expected was highly refined. The total number of elements is 43282 elements. The
displacement of the punch at the end of each cycle under the applied loading condition can be well
captured by the FE model without any additional fitting as shown in Fig. 3(b). The stress at the
bottom center of the beam was extracted and applied as the boundary conditions in the CPFE model to
determine the threshold for fatigue crack nucleation.

The second FE model is used to simulate the multi-pass rolling forming and service process of
metallic sealing rings. The blank is a circular strip with the size of 232 mm×16mm×0.3mm, which

was meshed by 8160 S4R-type elements, as shown in Fig. 4(a). The average mesh size is 3mm, such
that 60 elements are distributed along the height of the blank. One driving roller, one feed roller, and
two guide rollers were located around the blank and all of these rollers are rigid bodies. For the
purpose of improving the calculation efficiency, the mass amplification factor is selected as 5000. The
forming paths of each pass are shown in Fig. 1(b), which is identical to the experiment. More details
of the FE model setup can be found in [5,19].

Fig. 3. The three-point bending FE model. (a) model setup; (b) comparison of the calculated
displacement of the punch vs. the experimental recorded residual displacement at the end of each
cycle.



Page 7 of 28

After the sealing ring was formed, it was transferred to the supporting plate and compressed by a
circular punch to mimic the service conditions as shown in Fig. 4(b) and (c). The movement of the
punch was displacement-controlled and consisted of the preload part and fatigue part as sketched in
Fig. 5. The displacement increased linearly from contact with the ring and reached the target value 𝑢
(i.e. the preload displacement) within 5 s. Then fatigue under a given frequency with the amplitude of
0.01 mm with respect to 𝑢 was applied on the punch. The stress history from the manufacturing to
service at the trough of the rings, where cracks were observed experimentally [18], can be extracted
for further analysis.

 Crystal plasticity finite element modeling

The GH4169 superalloy for manufacturing W-shaped metallic sealing rings has a face-centered cubic
(FCC) structure with 12 111 11ത0 slip systems to be potentially activated during plastic
deformation. The constitutive slip rule to calculate the slip rate on each slip system is dislocation-
based and, therefore, lengthscale-dependent. The crystal plasticity slip rule was numerically
implemented into the ABAQUS-UMAT (User Material Subroutine).

Fig. 4. FE model of the W-shaped metallic rings from (a) manufacturing to (b,c) service process.

u

t
preload fatigue

Fig. 5. Displacement-controlled loading applied on the punch during the service.
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The average dislocation velocity at a low strain rate regime related to the manufacturing and service
of metallic rings is mainly governed by the thermally-activated escaping event from the pinned
obstacles [28]. The total deformation gradient 𝑭 consists of the elastic part 𝑭𝒆 accounts for the rigid
body rotation and the plastic part 𝑭𝒑 accounts for the slip of all the slip systems, given by

𝑭 = 𝑭𝑒𝑭𝑝 (1)

The plastic deformation gradient is calculated according to the kinematics of deformation by

𝑭̇𝑝 = 𝑳𝑝 𝑭𝑝 (2)

where 𝑳𝑝 is the plastic velocity gradient, which considers the contributions from all active slip
systems given as

𝑳𝑝 =

𝑖=1

12

𝛾̇ 𝑖 𝒔 𝑖 ⊗ 𝒏 𝑖෍ (3)

in which 𝒔 𝑖 and 𝒏 𝑖 is the unit vector which represents the slip direction and plane normal of system

𝑖, respectively. The slip rate 𝛾̇ 𝑖 used in the present study was first introduced by Dunne et al. [29],
considering both forward and backward dislocation jump from pinned obstacles. The slip rule is
expressed as

𝛾̇ 𝑖 = 𝜌𝑚𝑏
2ν𝐷exp −

∆𝐹

𝑘𝑇
sinh

𝜏 𝑖 − 𝜏𝑐
𝑖 ∆𝑉

𝑘𝑇
(4)

where 𝜌𝑚 is the average mobile dislocation density, 𝑏 is the Burgers vector, ν𝐷 is the Debye

frequency, 𝑘 is the Boltzmann constant and 𝑇 is the temperature. 𝜏 𝑖 and 𝜏𝑐
𝑖 are the resolved shear

stress and corresponding critical value (CRSS) for slip system 𝑖 . The activation energy ∆𝐹 and
activation volume ∆𝑉 control the strain rate sensitivity of the material.

The evolution of dislocation density affects the CRSS and is reflected as the hardening behavior
during deformation. The density of statistically stored dislocations (SSDs) is accumulated with plastic
strain given by

𝜌̇𝑆𝑆𝐷 = 𝛾𝑠𝑡𝑝̇ (5)

The geometrically necessary dislocations (GNDs) can be computed by Nye's dislocation tensor as

curl 𝑭𝑝 =

𝑖

𝒃 𝑖 ⊗ 𝝆
𝐺𝑁𝐷
𝑖

෍ (6)

The lattice curvature generated during plastic deformation is accommodated by the evolution of GND
density and from which the lengthscale effect is accounted. The increase of SSD and GND densities
contributes to the evolution of CRSS according to

𝜏𝑐
𝑖
= 𝜏𝑐0 + 𝐺𝑏 𝜌𝑆𝑆𝐷 + 𝜌𝐺𝑁𝐷 (7)

in which 𝜏𝑐0 is the initial CRSS at the strain-free state and 𝐺 is the shear modulus of the superalloy.
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In the present study, three CPFE models with the same slip rule and material parameters but different
grain morphologies were established. The first one was replicating the real microstructure based on
the EBSD map of the uniaxial tensile sample and was used to calibrate the modeling parameters. The
second one was replicating the initial microstructure around the crack site in the three-point bending
sample in order to determine the threshold for crack nucleation in the superalloy. The grains of both
models were extruded along the thickness direction. The third model was constructed using three-
dimensional Voronoi tessellations with the same average grain size as the experimental measurement
since the deformation histories along all three directions from manufacturing to service were
considered and applied as the boundary conditions. The crystallographic orientations of all these
models were assigned based on EBSD characterizations.

3. Determination of the critical stored energy for fatigue crack initiation in GH4169
superalloy

3.1 Calibration of modeling parameters

To accurately capture the rate-dependent responses of the superalloy, an area of 194μm×162μm was

selected from the EBSD map of the gauge section of the tensile sample to construct the CPFE model
with a thickness of 10μm, as shown in Fig. 6. The initial microstructure of the material mainly
consists of equiaxed grains and a few twin grains. The average grain size is about 20μm and the
material is slightly textured with a maximum intensity of 1.40. The model was meshed by 73260
reduced integration C3D20R elements. The left, bottom and back surface was constrained along the x-,
y- and z-direction, respectively. Displacement-controlled loading was applied on the right surface as
illustrated in Fig. 6(c).

Fig. 6. The CPFE model based on the real microstructure. (a) EBSD map within the gauge section of
the tensile sample; (b) morphology of the CPFE model which replicates the grain morphology; (c)
boundary conditions, and (d) pole figures of the model.
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The initial CRSS, activation energy and volume was calibrated against the experimental data to
capture the yield point and strain rate sensitivity of the material. Other parameters in the model were
chosen from the literature [30–34] that represents the nickel-based superalloys. The computed stress-
strain curves show reasonably good agreement with the experiment, as shown in Fig. 7 and the
modeling parameters are summarised in Table 2.

It is worth noting that a pseudo-3D microstructure based on the surface EBSD map was used for
calibrating the CPFE parameters. It is well known that the sub-surface grains have an effect on the
mechanical behaviors of materials at different degrees depending on the microstructure. The 3D
statistically equivalent virtual polycrystalline microstructures has been introduced and can be used for
calibrating. This method has specific advantages and has been demonstrated its applicability in
dealing with complex and heterogeneous microstructures [35–39]. In the present work, the GH4169
superalloy consists of a relatively simple microstructure with mainly equiaxed grains and near-
random textures. Therefore the effect from the sub-surface grains on the mechanical behaviors is
believed to be negligible if sufficient grains were included in the model of calibration. The two
different types of CPFE models (pseudo-3D microstructure and 3D Voronoi tessellations) used in this
work are able to capture the macroscopic mechanical responses of the material as demonstrated in
Appendix A.

Table 2. Modeling parameters for GH4169 superalloys

parameter (unit) value parameter (unit) value

𝜏𝑐0 (MPa)
152.00

𝑏 (μm)
3.50 × 10−4

Δ𝐹 (J)
11.00 × 10−20

𝐺 (GPa)
79.60

Δ𝑉 (-)
62.86𝑏3

𝛾𝑠𝑡 (-)
48.00

ν𝐷 (Hz)
1.00 × 1011

𝑘 (J ∙ K−1)
1.38 × 10−23

Fig. 7. Calibration of the stress strain responses under different strain rates.
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𝑇 (K)
293.00

𝜌𝑚 (μm−2)
5.00

3.2 Fatigue crack initiation in GH4169 superalloys

In the quasi-in-situ three-point bending experiment, crack nucleation was observed to occur between
8000-8500 cycles. EBSD characterization was carried out around the crack at the end of 8500 cycles
without additional polishing. Based on the deformed microstructure, the region around the crack

before fatigue can be identified and a 124.8μm×94.9μm sized area was selected as the region of

interest (ROI) as shown in Fig. 8, where the arrows indicate the location of the crack.

Using the three-point bending macroscopic FE model in Section 2.2, the normal stresses along three
directions were calculated as shown in Fig. 9. A crack was observed at the bottom center of the beam,
where the material was subjected to uniaxial tensile stress along the x-direction as demonstrated in Fig.
9(b). The peak stress is 683MPa and the stress ratio is 𝑅 =− 0.5 . A CPFE model was constructed
using the identical grain morphology and crystallographic orientations as the EBSD map of ROI
before deformation. The extracted local stress history from the FE model was applied as the boundary
conditions of the CPFE model, as illustrated in Fig. 10.

Fig. 8. Crack nucleation under the three-point bending fatigue loading. (a) EBSD map before
deformation; (b) magnified map near the region of cracking; (c) SEM image show the crack
morphology taken at the end of 8500 cycles; and (d) EBSD map after cracking where the arrows
indicate the location of the crack.
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Under the cyclic loading, inhomogeneous plasticity was developed within the crystal. In order to
quantify the fatigue life to crack nucleation, a stored-energy-density-based criterion is used in this
study. The stored energy density was first introduced by Wan et al. [40] to predict fatigue crack
nucleation in polycrystals. The stored energy density increasing rate (per cycle) is calculated as

𝐺̇ =
ξ 𝝈:d𝜺𝒑

𝜌𝑆𝑆𝐷 + 𝜌𝐺𝑁𝐷
න (8)

where ξ = 5% is the empirically accepted fraction of energy stored in the material. It is argued that
there is approximately 5% energy stored in the dislocation structure during plastic deformation while
the remaining 95% is dissipated as heat [41]. Using this stored energy density as a criterion, the
fatigue crack nucleation [31,32], and path deflections and growth rate during the subsequent crack
propagation [42–45] can be well captured in various engineering alloys. More importantly, the stored
energy density has been proved to be the primary driving force for crack nucleation, while the other
quantities, such as local stress, slip activity, and GND density, are necessary but not sufficient to
predict all the experimentally observed cracks [32]. The mechanistic explanation of the stored energy
density has also been elucidated using discrete dislocation plasticity modeling [30,46]. The proposed
dislocation configurational energy density stored in the dislocation structure is fundamentally related
to the stored energy density, which is argued to be a key mechanistic factor in fatigue crack nucleation
and growth. Therefore, in the present work, the stored energy density is used as the main driving force

Fig. 9. Stress distribution computed by the three-point bending FE model. (a) stress distribution of
each component; (b) evolution of stress componenet at the ROI.

Fig. 10. The CPFE model of ROI. (a) mesh and pole-figures; (b) boundary conditions.
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for cracking in the GH4169 alloy and its critical value was determined by integrating the three-point
bending experiment and modeling.

Fig. 11 shows the crack nucleation site and the predicted distribution of stored energy density in the
corresponding region. The highest stored energy density point at the end of 100 fatigue cycles in the
CPFE model was observed near the bottom of the polycrystal as labeled by ‘P’ in Fig. 11(b), which
coincides with the experiment crack location in Fig. 11(a). There are other ‘hotspots’ of the stored
energy density in Fig. 11(b) as well, but the magnitude at these locations is lower than that at position
‘P’, which can be treated as potential secondary crack nucleation sites. Note that by only calibrating
the macroscopic rate-dependent plastic behavior of the superalloy, the established CPFE model is able
to precisely capture the crack nucleation site at the microstructure lengthscale. The evolution of stored
energy density along the A-A’ path in Fig. 11(b) was extracted as shown in Fig. 11(c). The
concentration of stored energy density was observed clearly in the region of crack nucleation.

The concentration of the stored energy density observed in Fig. 11 was due to the establishment of
dislocation pile-ups against the grain boundary due to the inhomogeneous plastic deformations. Fig.
12 shows the evolution of dislocations around the crack nucleation site at different loading cycles.

Fig. 11. The stored energy around the crack. (a) morphology the crack; (b) spatial distribution of
the stored energy density at the end of 100 cycles; (c) evolution of stored energy with cycles along
the A-A’ path as shown in (b).
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The two neighboring grains on both sides of the crack have different crystallographic orientations as
illustrated by the cubic units in Fig. 12. Plastic heterogeneity was established within these grains at
the early stage of fatigue. High dislocation density can be observed near the grain boundary as a result.
With further loading cycles, more dislocations piled up against the boundary and thus, more energy is
stored in the dislocation structure. The stored energy density resulting from dislocation pile-ups
evolved with loading cycles and is argued to drive cracking eventually.

The evolution of local stored energy density at point ‘P’ is quantified and presented in Fig. 13. It is
found that the energy density increases rapidly at the onset of plastic deformation and the rate of
increase is gradually reduced with cycles. The development of the local energy density is stabilized
after about 50 cycles, from which the trend of stored energy density increasing is extracted as a linear
function given by

𝐺 = 1.01 × 10−2𝑁+ 5.61 (9)

where the unit of energy density is Jm−2 and 𝑁 is the number of fatigue cycles. Since crack was found
to nucleate between 8000-8500 cycles, the stored energy density at 8250 cycles is extracted as the
threshold for fatigue crack nucleation in GH4169 superalloys. The determined value is 88.9 Jm−2 ,

with the uncertainty of 2.525 Jm−2 (equivalent to the energy density increase within 250 cycles). This
value is then applied to assess the fatigue life of GH4169 metallic sealing rings.

Fig. 12. Evolution of the dislocation density with cycles around the crack nucleation site. The red
arrows indicate the location of the experimentally observed crack. Different crystallographic
orientations of the neighboring grains induced plastic heterogeneity and dislocation concentration
at the grain boundary under fatigue loading.
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4. Macro- and micro-deformation behaviors of metallic sealing rings from
manufacturing to service

4.1 Fatigue responses under the typical forming and service condition

In order to comprehensively consider the deformation experienced by the material from the multi-pass
rolling forming to the fatigue operation, the hoop stress and axial stress at the trough of the rings,
where the crack was experimentally observed during service [18], are extracted from the macroscopic
FE model, as plotted in Fig. 14. The forming process consists of five passes rolling, as illustrated in
Fig. 1(b) [5]. The investigated W-shaped metallic sealing ring is mainly used in aero-engines and the
service conditions are preloaded to 𝑢 =0.2-0.4 mm, vibrate at the frequency of 𝑓 =0.33-1.00 Hz and
the pressure 𝑝 of the sealed medium is between 1.0-3.0 MPa [47]. Hence, a typical condition of
𝑢 =0.3 mm, 𝑓 =0.50 Hz and 𝑝 =2.0 MPa is chosen to understand the fatigue responses of the rings
from manufacturing to service, followed by a systematic investigation of the influence from each
service parameters on the fatigue life.

It is clearly shown in Fig. 14 that the material is subjected to complex multiaxial stress history during
the whole process. The hoop stress is always compressive and the magnitude is higher in the fatigue
stage. However, the axial stress changes from tensile to compressive with a similar magnitude of

Fig. 13. The evolution of the stored energy density at location ‘P’ where crack nucleation was
observed.

Fig. 14. Evolutions of the hoop stress and axial stress at the trough of the rings from
manufacturing to service.
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~600MPa from manufacturing to service. The resolved shear stress on the slip systems is expected
exceed the critical value (152MPa as in Table 2) resulting from these high stresses and thus the
material has been plastically deformed before the preload stage. The establishment of the dislocation
structure and the corresponding accumulation of the stored energy during the manufacturing stage
would significantly affect the service life of the rings.

It is worth noting that, in the present study, the worst case is considered where no heat treatment was
involved in the process. For some specific types of metallic sealing rings, an annealing treatment is
required before they are put into service. In such a scenario, the changes in the dislocation structure
and stored energy density during the heat treatment must be taken into consideration as well.
Although the residual stress and dislocation density are noticeably reduced during the annealing, for
the majority types of the rings, the material state cannot be recovered to the same state as the raw
sheet before rolling. Therefore, the deformation history before service cannot be ignored when
evaluate the fatigue life of the components.

To account for the complex multiaxial stress history, a CPFE model was established with the grain
morphology generated by 3D Voronoi tessellations. The hoop stress and axial stress extracted from
the FE model as shown in Fig. 14 were applied on the right (𝜎𝑥𝑥) and top (𝜎𝑦𝑦) surfaces, respectively,

while the left, bottom and back surfaces were constrained along x-, y- and z-direction, respectively, as
depicted in Fig. 15. Since the variations of the stress in both directions are strong, a maximum time
step of 0.01 s was employed in the CPFE model to accurately resolve the loading history. The model
consists of 64 grains and is meshed by 13955 C3D10 elements. The crystal orientations of the grains
were assigned according to the EBSD data such that the overall texture of the CPFE model is
representative of the materials.

Under the typical forming process and service condition, plasticity has been introduced in the crystal
and the localized plastic deformation induces the high stored energy density, which serves as the
driving force for potential crack nucleation. In particular, at the location ‘Q’ in Fig. 16(a), the highest
energy density was found at the quadruple junctions of the grain boundaries of grain labeled by 37, 53,
55, and 63. Within these four grains, Grain 53 is oriented preferentially for slip under the given

y

z x

(a)

(b)

left surface:
=0

back surface:
=0

bottom surface:
=0

Model dimensions:
100μm×100μm×100μm

y

z x

(c)

(110)

1.6 1.6

(111)

y

x 0 0

Fig. 15. 3D CPFE model constructed using 3D Voronoi tessellations. (a) grain morphology; (b)
pole figures and (c) loading conditions.
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loading conditions, while the rest are hard to deform. As shown in Fig. 16(c) and (d), dislocations
were moving towards the grain boundary and caused localized plastic deformation. The neighboring
grains did not produce sufficient plastic strain to release the local stress concentration. Arising from
the highly-dense dislocation structure near the quadruple junctions, high stored energy density
occurred at the same location as shown in Fig. 16(e).

The accumulation of stored energy density at point ‘Q’ is plotted in Fig. 17. It is found that the stored
energy gradually increases during different passes of the rolling and the amount of energy
accumulation differs from each other. By the end of the manufacturing of the sealing ring, 4.4 Jm−2

stored energy density has already been established, which occupies ~5% of the threshold for cracking.
During the subsequent preload and the first five fatigue cycles, the stored energy density is further
increased. After the first five cycles, the stored energy density evolves approximately linearly with
time 𝑡 given by

𝐺 = 2.26 × 10−2𝑡 + 3.00 (10)

and from which the service life can be estimated as 1866 cycles.

Fig. 16. (a) Stored energy distribution predicted by the CPFE model; (b) schematics of the four
grains around the location with the highest stored energy density. Distributions of (c) effective
plastic strain, (d) dislocation density, and (e) the stored energy density of Grain 53 at 𝑡 = 100 s.
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It is worth noting that the stored energy accumulated during the manufacturing not only contributes to
the total energy before failure but also affects the rate of stored energy density development during
service. To emphasize this statement, we consider another two scenarios for comparison, i.e. (1)
completely ignore the loading history during manufacturing and only consider the preload and fatigue
stages; and (2) estimate and apply the average stress of the forming process while considering the
same service profile as in Fig. 14. The highest stored energy density for these two scenarios is
extracted and compared with the manufacturing-to-service fully considered case in Fig. 18. It is
observed that without considering the deformation history during manufacturing, the accumulation of
stored energy density is much lower. The stable evolution rate of the stored energy density is also
lower compared to the fully considered case. Hence, the fatigue life would be over-estimated if the
contribution of the manufacturing process is not appropriately considered.

4.2 Effect of service parameters on the fatigue life of metallic sealing rings

Based on the above analysis, it can be concluded that the manufacturing process is important in
determining the fatigue life of the W-shaped metallic rings. However, only the typical service
condition is considered, and the operational environment may change. To systematically investigate

Fig. 17. Evolution of the stored energy density at the point ‘Q’ as in Fig. 16(a).

Fig. 18. Evolution comparison of the stored energy density.
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the effect of different service parameters and evaluate the corresponding life, the parameters listed in
Table 3 are considered sequentially.

Table 3. Service parameters of W-shaped metallic sealing rings

Service parameters Values

Preload u (mm) 0.20, 0.25, 0.30, 0.35, 0.40

Pressure p (MPa) 1.0, 1.5, 2.0, 2.5, 3.0

Frequency f (Hz) 0.33, 0.40, 0.50, 0.67, 1.00

 Effect of preload

In considering different service conditions, the local stress history at the trough is also changing. Fig.
19(a) shows the multiaxial stress for two different preloads. Both hoop stress and axial stress are
affected by the preload, and the magnitude of which increases with the preload. It can be seen in Fig.
19(b) that the magnitude of the hoop stress and axial stress becomes similar when the preload is large,
i.e. the stress biaxially defined by 𝜎𝑥𝑥/𝜎𝑦𝑦 reduces to 1 when the preload increases from 0.20 to 0.40

mm. In addition, during the fatigue stage, the stress ratio of the axial direction reduces with the
preload while the value of the hoop direction is barely affected.

The changes in the local stress history would affect the stored energy density evolution. Fig. 20(a) is
the computed evolution of stored energy density in the service stage under different preloads. The
amount of energy accumulation during the preload and early fatigue cycles is higher when a large
preload is prescribed. The plastic deformation and its inhomogeneity are enhanced when the preload
is large. More importantly, the evolution rate of stored energy density is also increased with the
preload, which implies a shorter fatigue life. In this case, the sealing performance may be better, but
the component is expected to fail much earlier. Fig. 20(b) presents variations of the stored energy
density evolution rate extracted from the stable increasing stage in Fig. 20(a) and the corresponding
fatigue life calculated using the determined threshold for crack nucleation. It can be seen that when
the preload increases from 0.2 to 0.3 mm, the service life reduces by about one order of magnitude.
With the further increase to 0.4 mm, the fatigue life is below 1000 cycles which suggests that the
sealing ring could not satisfy the safety requirement of the engine. Additional treatment is thus needed
for these service conditions.
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 Effect of the sealed medium pressure

To seal different mediums during the service, the pressure act on the sealing ring may change.
Generally, the pressure of the sealed medium varies between 1.0 to 3.0 MPa. By changing the related
setup in the FE model, the local stress at the trough also varies as shown in Fig. 21. Both magnitudes
of hoop stress and axial stress increase with pressure while the stress biaxiality increases slightly. The
dependence of the stress ratio along the hoop and axial directions with the pressure is not significant,
although a decreasing trend needs to be acknowledged.

Fig. 19. The effect of preload on the local stress at the trough. (a) stress history along the hoop and
axial directions; (b) stress biaxiality, and (c) stress ratio R for different preload.

Fig. 20. (a) Evolution of the stored energy density, and (b) fatigue lives under different preloads.
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The stress history was then applied as the boundary conditions for the CPFE model and the evolution
of the highest stored energy was then extracted. As shown in Fig. 22(a), the magnitude of the stored
energy density increases with the pressure and the stabilized evolution rate is similar to each other.
The evolution rate of stored energy density and the corresponding fatigue life are quantitatively
compared in Fig. 22(b). The higher pressure of the sealed medium makes the sealing rings sustain
higher stress conditions. Therefore, the peak stored energy density reaches the threshold earlier and
the fatigue life is thus shorter.

 Effect of vibratory frequency

Fig. 21. The effect of pressure on the local stress at the trough. (a) stress history along the hoop
and axial directions; (b) stress biaxiality, and (c) stress ratio R for different pressures.

Fig. 22. (a) Evolution of the stored energy density, and (b) fatigue lives under different pressures.
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Even for the same sealed medium and identical preload conditions, the frequency of the relative
vibratory motion of adjacent pipes may change due to different operational environments. As a
consequence, the fatigue frequency can be different. Here, the effect of frequency between 0.33-1.00
Hz is considered. As shown in Fig. 23, except for the stress rise and fall time of each loading cycle,
the stress history, including the magnitude of each stress component, stress biaxiality and stress ratio,
is not affected by the frequency.

The evolutions of the highest stored energy density in the CPFE under different fatigue frequencies
are plotted in Fig. 24(a). It is observed that the rate of accumulation is faster when the frequency is
higher, which is attributed to the short time of each cycle. As demonstrated in Fig. 24(b), the
evolution rate (with respect to time) increases linearly with frequency. It appears that for a given
period of time, increasing the stress oscillations would accelerate the establishment of dense
dislocation structure and thus promote the accumulation of stored energy. This is fundamentally
related to the strain rate sensitivity of the GH4169 superalloy, in which the motion of dislocations is
significantly affected by the stress rate of the remote loading [48]. The increase in fatigue frequency
provides more chances for dislocations to move backward and forward and interrupt the stable
configuration. Therefore the thermally activated escaping from the pinned obstacles is enhanced and
the pile-ups against grain boundaries are stronger. Based on the computed stored energy density, the
fatigue life of the metallic sealing rings shows a parabolic relationship to the vibratory frequency as in
Fig. 24(b). It is worth noting that the fatigue life in Fig. 24(b) is shown in the number of cycles which
is consistent with the previous analysis. However, due to the change in fatigue frequency, the time to
fatigue crack nucleation in fact reduces with the increase in frequency.

Fig. 23. The effect of frequency on the local stress at the trough. (a) stress history along the hoop
and axial directions; (b) stress biaxiality, and (c) stress ratio R for different frequencies.
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4.3 Discussions

It has been demonstrated that the deformation history during manufacturing must be considered to
assess the fatigue life of the metallic sealing rings, as it not only determines the initial state of the
material that will be subjected to cyclic loading but also affect the energy accumulation rate during
the subsequent service stage. Macroscopically, for the GH4169 nickel-based superalloy, positive
strain rate sensitivity and strain hardening can be observed under room-temperature deformation. That
leads to a strong dependence of the material properties of the rings on their deformation routes. In
addition, the contribution of the manufacturing stage cannot be simply estimated using average stress
since the deformation rate of the multi-pass rolling is typically non-uniform and fluctuant.
Microscopically, the stored energy density that drives fatigue crack nucleation significantly depends
on the dislocation structure evolutions. The initial configuration of the dislocation structure is formed
during the rolling, and the development of the structure under fatigue is based on this initial
configuration. That is the main reason for the overestimation of the fatigue life if the contribution of
the manufacturing process is not appropriately considered.

The contribution of stored energy density during manufacturing is ~5% of the total energy density for
cracking for the specific ring considered here. This percentage may vary with the geometry of the ring
(e.g. distance between the crest and trough, diameters of the rings, etc.) and the forming methods (e.g.
number of passes, feed ratio, etc.). Nevertheless, such contributions are equivalent to hundreds to
thousands of fatigue cycles of the ring under service conditions.

After the macroscopic material state and dislocation structure was determined during manufacturing,
the service conditions show effects on the fatigue life. Among all the three service parameters within
the considered range, the preload has the most noticeable effect on the fatigue life of the rings as it not
only influences the stored energy density during the preloading stage but also changes the baseline of
the fatigue stresses. A larger preload introduces higher local stress at the trough. The dislocation pile-
ups are thus denser, which may also be further condensed in the subsequent cycling. As a result, rapid
energy accumulation and crack formation can be expected. On the contrary, the dependence of service
life on the vibratory frequency is the weakest. The role of the fatigue frequency relies on the rate-
dependent plasticity of the material. Although the GH4169 superalloy experiences a positive strain
rate sensitivity at room temperature, its effect on the fatigue life is not large enough to overrun the
effect of the applied stress. As for the moderate effect from the medium pressure, the plastic
deformation localization is enhanced by higher pressure. Since the medium pressure is evenly
distributed along ‘W’ shape of the ring which is different from the primary loading direction, its value

Fig. 24. (a) Evolution of the stored energy density, and (b) fatigue lives under different frequencies.
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may change the local stress around the dislocation pile-ups and therefore affect the stored energy
density evolutions. However, the sealing stress applied from the adjacent pipes is generally much
higher than the medium pressure. The medium pressure thus only plays a secondary role in affecting
the fatigue performance of the metallic sealing rings.

5. Conclusions

In this study, the fatigue crack nucleation in W-shaped metallic sealing rings is systematically studied
by comprehensively considering the deformation history from manufacturing to service. The key
outcomes are summarised as follows:

(1) The stored energy density criterion has been proved to be able to capture the location of crack
nucleation in the GH4169 superalloy by integrating the three-point bending experiment and
multiscale modeling. The critical value for fatigue crack nucleation is 88.9 Jm−2.

(2) Under a typical forming and service condition, the amount of stored energy density accumulated
during manufacturing contributes ~5% of the total energy density for cracking.

(3) The deformation history during manufacturing not only influences the early-stage energy
accumulation but also affects the evolution rate of energy density during the service. The fatigue
life may be overestimated if the manufacturing process is not appropriately considered.

(4) The fatigue life of the W-shaped metallic sealing rings decreases with the increase in preload and
the pressure of the sealed medium. While the number of cycles to crack increases with the
vibratory frequency. Among these three parameters, the preload has the most significant effect on
the fatigue crack nucleations.
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Appendix A. Macroscopic mechanical responses of three crystal plasticity finite element
models.

Three crystal plasticity finite element models were constructed based on the real microstructure of the
uniaxial tensile sample (CPFE model 1) and the three-point bending sample (CPFE model 2) and
three-dimensional Voronoi tessellations (CPFE model 3). All these models are able to capture the
strain rate sensitivity of the GH4169 superalloy as shown in Fig. 25.
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